Previous genetic and biochemical studies have confirmed that hemoglobin and hemin utilization in Porphyromonas gingivalis is mediated by the outer membrane hemoglobin and heme receptor HmuR, as well as gingipain K (Kgp), a lysine-specific cysteine protease, and gingipain R1 (HRgpA), one of two arginine-specific cysteine proteases. In this study we report on the binding specificity of the recombinant P. gingivalis HmuR protein and native gingipains for hemoglobin, hemin, various porphyrins, and metalloporphyrins as assessed by spectrophotometric assays, by affinity chromatography, and by enzyme-linked immunosorbent assay. Protoporphyrin, mesoporphyrin, deuteroporphyrin, hematoporphyrin, and some of their iron, copper, and zinc derivatives were examined to evaluate the 
Passive heme uptake through the outer membranes of gramnegative bacteria is not a significant route of heme entry (24, 33) , and most bacteria possess specific heme uptake systems to use this compound as either an iron or iron-porphyrin source (reviewed in reference 20). In most gram-negative bacteria heme utilization is mediated by specific outer membrane receptors that bind directly to host heme-sequestering proteins. Several gram-negative bacteria also produce extracellular hemebinding proteins (hemophores). These secreted proteins extract heme from hemoglobin and deliver it to an outer membrane-associated protein, which transports heme into the cell. The best-characterized system is that of Serratia marcescenssecreted protein HasA, which captures heme and hemoglobin and delivers it to outer membrane receptor HasR (21, 28) .
Porphyromonas gingivalis, the etiological agent of adult periodontal disease, requires hemin for growth (17, 46) . The binding and utilization of hemoglobin (2, 16, 25, 52) and hemin (5, 17, 54) have been demonstrated in P. gingivalis and related species. P. gingivalis expresses several outer membrane proteins in response to iron and heme limitation (5, 51) ; however, the role of these proteins in heme transport is not well defined. Several reports have also described P. gingivalis genes hemR, ihtA, and tlr, which exhibit homology to genes encoding TonBdependent receptors (13, 23, 49) . A role for the protein products of the P. gingivalis hemR, ihtA, and tlr genes has not been delineated because the respective P. gingivalis mutants have not been isolated.
We have described a P. gingivalis heme and hemoglobin receptor (heme/hemoglobin receptor; HmuR) which has homology with TonB-dependent outer membrane hemoglobin/ heme receptors (50) . P. gingivalis hmuR mutant cells bound less hemoglobin and hemin than did the parental strain and exhibited diminished growth with hemoglobin or hemin (50) . Furthermore, we demonstrated that recombinant HmuR expressed in E. coli bound hemin and hemoglobin (50) . Amino acid comparisons of the conserved motifs of several different hemoglobin/heme receptors and the P. gingivalis HmuR protein revealed that HmuR contains highly conserved domains containing invariant histidine residues (His95 and His434), glutamic acid residues (Glu448 and Glu458), and the FRAP (in HmuR YRAP) and NPNL (in HmuR NPDL) amino acid boxes, which may be involved in hemoglobin and heme binding (4, 50) . It was previously shown that the hemR gene is identical with the hmuR gene in the N-terminal portion but that these two genes differ in their C termini (23, 50) . Despite the fact that previous studies have determined that hemR is present in strains 53977, 381, and W50, we were unable to amplify the hemR gene from P. gingivalis A7436, suggesting that in this strain hemin transport can occur independently of HemR.
In addition to conventional outer membrane receptors, heme and hemoglobin utilization in P. gingivalis also requires participation of the cysteine proteases referred to as gingipains (12, 19, 26) . The gingipains exhibit proteolytic enzymatic activity against a range of host proteins including host proteinase inhibitors, immunoglobulins, iron-sequestering proteins, extracellular matrix proteins, bactericidal proteins and peptides, and proteins involved in the coagulation, complement, and kallikrein/kinin cascades (15, 22, 31, 45) . P. gingivalis lysinespecific gingipain K (Kgp) and arginine-specific gingipain R1 (HRgpA) are purified as noncovalent complexes of the catalytic domain associated with four polypeptide chains derived from the hemagglutinin domain (3, 11, 36, 37, 40, 41, 42) . These gingipains occur either in extracellular soluble or in membrane-associated forms (40, 41) . In contrast to Kgp and HRgpA, a second arginine-specific gingipain, R2 (RgpB), contains only a catalytic domain (44) and is not required for hemoglobin and heme utilization in P. gingivalis. Previous studies have reported that different portions of Kgp and HRgpA can bind hemoglobin, hemin, and protoporphyrin IX (PPIX) (14, 25, 35, 38, 48) . Kgp has also recently been demonstrated to degrade hemoglobin (29, 53) , hemopexin, haptoglobin (53) , and transferrin (6) . Genetic analysis has confirmed a role for Kgp in hemoglobin and hemin utilization in P. gingivalis (18, 51) . It has recently been proposed that soluble Kgp and outer membrane receptor HmuR function together for the transport of hemin from hemoglobin in P. gingivalis (20) .
In this study we report on the binding specificity of recombinant P. gingivalis HmuR and native soluble gingipains for hemin, hemoglobin, porphyrins, and metalloporphyrins. A series of porphyrins and metalloporphyrins were chosen to evaluate the role of both the central metal ion and the peripheral substituents in porphyrin binding to recombinant HmuR and native gingipains. Our results demonstrate that outer membrane receptor HmuR binds heme and related metalloporphyrins more tightly than hemoglobin. The iron, copper, and zinc derivatives of PPIX bound to recombinant HmuR with similar affinities, and more tightly than PPIX itself, suggesting that the active site of HmuR has a histidine that binds to the metal ion present in the porphyrin ring. Native Kgp and HRgpA bound selected porphyrins approximately as well as the corresponding metalloporphyrins, indicating that the binding of Kgp and HRgpA to these compounds does not require a metal present in the porphyrin ring. RgpB, which is missing the C-terminal hemagglutinin domain present in Kgp and HRgpA, did not bind to these compounds. Finally, we demonstrate that soluble Kgp and HRgpA, but not RgpB, bind directly to recombinant HmuR.
MATERIALS AND METHODS

Construction of HmuR expression plasmids.
The hmuR gene was amplified from total genomic DNA of P. gingivalis strain A7436 as previously reported (50) . Briefly, the forward primer (Table 1 ) was designed to produce hmuR either without (F1) or with (F2) its native signal peptide sequence. The reverse primer was designed to remove the native stop codon (R1) to preserve the reading frame through the C-terminal tag. To obtain recombinant HmuR without the tag consisting of the V5 epitope and six histidines (V5-six-His tag), the stop codon was included (R2). The amplified products were purified and cloned into vector pCRT7/CT-TOPO (Invitrogen, Carlsbad, Calif.), coding for the V5 epitope and polyhistidine (six-His) regions. The resulting plasmids (pTO1, pTO2, pTO3, and pTO4; Table 2 ) were then transformed into Escherichia coli strain TOP10FЈ (Invitrogen). Transformants were selected on Luria-Bertani plates containing 100 g of ampicillin/ml, and the insertion was confirmed by restriction enzyme analysis, PCR, and sequence analysis.
Expression and purification of recombinant HmuR. E. coli strains BL21(DE3) pLysS and BL21(DE3)pLysE (Invitrogen) were transformed with either pTO1, pTO2, pTO3, pTO4, or pCRT7/CT-TOPO and grown overnight at 37°C in minimal medium (M9) supplemented with 100 g of ampicillin and 34 g of chloramphenicol/ml. Overnight bacterial cultures were inoculated into fresh M9 medium and grown at 37°C to an optical density at 600 nm (OD 600 ) of 0.5 to 0.6. Expression of the P. gingivalis hmuR gene was induced by the addition of 0.5 to 1 mM isopropyl ␤-D-thiogalactopyranoside (IPTG; Sigma, St. Louis, Mo.), followed by a 3-to 5-h growth period. After IPTG induction, E. coli BL21(DE3) pLysS and BL21(DE3)pLysE cells expressing TO1 were harvested by centrifugation for 20 min at 8,000 ϫ g. Recombinant HmuR containing the V5-six-His tag (rHmuR-6His) and lacking the signal sequence was purified from inclusion bodies using Ni-chelate chromatography under denaturing conditions as described previously (50) . The purified protein was dialyzed to decreasing concentrations of urea and finally to 0.5 M urea made in 20 mM phosphate buffer, pH 7.4, containing 0.14 M NaCl (phosphate-buffered saline [PBS]) and 0.1% n-octyl-␤-D-glucopyranoside (OG; Sigma). After dialysis less than 10% of the rHmuR6His was susceptible to renaturation and present in the soluble fraction, as determined by protein concentration. The remainder of the rHmuR-6His protein obtained after the final dialysis was present in the denatured nonsoluble fraction.
To localize recombinant HmuR, total membrane fractions were isolated from E. coli cells (adjusted to an OD 600 of 1.0) harboring pTO2, pTO3, or the vector alone after centrifugation (70,000 ϫ g, 1 h) of the supernatant remaining after the first centrifugation at 8,000 ϫ g for 20 min. Total-membrane fractions were solubilized in 0.5% sarcosyl (Sigma) in PBS containing protease inhibitors, and after centrifugation (100,000 ϫ g, 1 h) outer membrane fractions were collected. Detection of the recombinant HmuR was performed after polyacrylamide gel electrophoresis (PAGE) in the presence of sodium dodecyl sulfate (SDS) using Coomassie brilliant blue G-250 (CBB; Invitrogen) staining or after transfer onto nitrocellulose membranes by probing with monoclonal anti-V5 antibodies (Invitrogen) or polyclonal anti-HmuR antibodies (Lampire Biological Laboratories, Pipersville, Pa.). The latter were raised to the rHmuR-6His purified from inclusion bodies. The immunoglobulin G (IgG) fraction was isolated from the resulting antiserum using a HiTrap protein A affinity column (Pharmacia Biotech, Piscataway, N.J.). After incubation with a secondary antibody conjugated with horseradish peroxidase (HRP; Sigma) chemiluminescence staining was used to detect the complexes formed (50) .
UV-Vis spectrophotometric analysis. Heme binding to rHmuR-6His purified from inclusion bodies was monitored by UV-visual (UV-Vis) absorption analysis on a Beckman DU 7500 spectrophotometer scanning from 200 to 800 nm. The final mixture of 5 M rHmuR-6His (renatured by dialysis against PBS, pH 7.4, containing 0.1% OG and 0.5 M urea) with 20 M hemin (dissolved in dimethyl sulfoxide [DMSO] ; final DMSO concentration in the mixture was 1 to 10%) was placed in a cuvette (0.5-cm cell length), and spectra were recorded immediately after mixing (time zero) and after 5, 15, 30, and 60 min of incubation at room temperature (RT). Nonrenatured rHmuR-6His, present after dialysis in the denatured nonsoluble fraction, was dissolved in PBS containing 0.1% OG and 8 M urea and was also examined by UV-Vis spectrophotometric analysis for hemin binding. The UV-Vis analyses of serum protein complexes with hemoglobin or hemin were performed under similar conditions as described above, with the exception that PBS was used to dissolve and dilute all proteins.
Binding of E. coli cells expressing recombinant HmuR to hemoglobin, porphyrins, and metalloporphyrins. E. coli BL21(DE3)pLysS and BL21(DE3) pLysE cells expressing rHmuR-6His (containing the V5-six-His tag) or rHmuR (V5-six-His tag not produced) deposited in inclusion bodies (lacking the signal sequence) or membrane associated (containing the signal sequence) and cells containing the vector alone were grown in M9 medium and harvested before and after IPTG induction. The cells were washed with PBS and adjusted to an OD 600 of 1.0, and 0.8-ml aliquots of the cell suspension in PBS were mixed with 0.2 ml of hemoglobin (5 M) or hemin (10 M) or other porphyrins or metalloporphyrins (10 M). To reduce self-aggregation of hemin and other metalloporphyrins or porphyrins, DMSO (1 to 10%) was included in all assays (10, 20) . PPIX and mesoporphyrin (MPIX) were obtained from Aldrich Biochemicals (Milwaukee, Wis.); iron(III) ␣,␤,␥,␦-tetraphenylporphine tetrasulfonic acid (FeTPPS 4 ), hematoporphyrin (HPIX), deuteroporphyrin (DPIX), the copper derivative of MPIX (CuMPIX), and the zinc and copper derivatives of PPIX (ZnPPIX, and CuPPIX, respectively) were obtained from Porphyrin Products (Logan, Utah); the iron and zinc derivatives of MPIX (FeMPIX and ZnMPIX, respectively) were obtained from Midcentury (Posen, Ill.); hemoglobin and hemin were obtained from Sigma. Samples were incubated at RT for 1 h and centrifuged, and the OD 400 of the supernatant was measured. Compounds diluted in PBS were incubated under the same conditions and served as appropriate controls. The binding of all compounds was determined by the decrease of absorbance of the supernatant compared to those for control samples, which were set as 100%. For the saturation of hemin binding to rHmuR-6His, nonspecific hemin binding to E. coli cells harboring the vector alone was subtracted from hemin binding to E. coli cells expressing rHmuR-6His.
Purification of gingipains. Kgp, HRgpA, and RgpB were purified from P. gingivalis strain HG66 cultures as previously described (42, 44) and were kindly provided by Jan Potempa (Jagiellonian University, Cracow, Poland). Approximately 5 mg of each gingipain from 1 liter of bacterial culture was purified to homogeneity as determined by SDS-PAGE and CBB staining and, after transfer onto a nitrocellulose membrane, by reactivity with the appropriate antibodies. In addition, the concentration of active gingipain in each batch was determined by active-site titration using specific inhibitors Z-Phe-Lys-2,4,6-trimethylbenzoyloxymethylketone (FKck) and H-D-Phe-Phe-Arg-chloromethylketone (FFRck) (Bachem Biosciences Inc., King of Prussia, Pa.) for gingipain K and gingipain R, respectively (43) . Antibodies to each purified gingipain (Lampire Biological Laboratories) were produced as previously described (19) . IgG fractions were purified from the antisera using a HiTrap protein A affinity column (Pharmacia Biotech), and their specificities and activities were confirmed.
Binding of recombinant HmuR to hemoglobin, gingipains, and serum proteins. Binding of rHmuR-6His to hemoglobin, gingipains, and serum proteins was examined by an enzyme-linked immunosorbent assay (ELISA). Six-Histagged rHmuR purified from inclusion bodies was immobilized (0.05 nmol per well) onto the surface of Ni-nitrilotriacetic acid (NTA) HisSorb wells (Qiagen, Valencia, Calif.) and incubated overnight at 4°C. This was followed by the addition of hemoglobin, haptoglobin (Sigma), transferrin saturated with iron (Sigma), human serum albumin (HSA; Sigma), hemopexin (Sigma), Kgp, HRgpA, or RgpB (0.005 to 1.0 nmol per well). We also prepared complexes of hemoglobin with haptoglobin, hemopexin with hemin, and HSA with hemin by incubation of serum proteins with hemoglobin or hemin in a molar ratio of 1:1 for 1 h at 37°C. The formation of these complexes was confirmed by UV-Vis analysis at 200 to 800 nm. Free hemoglobin or hemin was not observed in these preparations. The complexes formed between rHmuR-6His and the proteins were detected by probing with specific antibodies to each serum protein (goat antihemoglobin, antihaptoglobin, antihemopexin, rabbit anti-HSA, and antitransferrin diluted 1:5,000, 1:10,000, 1:10,000, 1:5,000, and 1:5,000, respectively; Biomeda, Foster City, Calif., or Sigma) or gingipain (rabbit anti-Kgp, -HRgpA, and -RgpB diluted 1:30,000, 1:20,000, and 1:10,000, respectively), followed by appropriate secondary antibodies conjugated with HRP. Substrate o-phenylenediamine (Sigma) was added to wells and incubated at RT for 15 to 30 min. The reactions were stopped by addition of 50 l of 12.5% sulfuric acid, and the absorbance was measured at 490 nm.
Binding of recombinant HmuR and gingipains to hemoglobin-or heme-agarose. Hemoglobin-and heme-agarose beads (Sigma) were washed with PBS or PBS containing 0.1% OG, resuspended in 20 l of the buffer, and incubated with agitation overnight at 4°C with rHmuR-6His purified from inclusion bodies (0.01 nmol of rHmuR-6His per sample) and Kgp, HRgpA, or RgpB (0.01 nmol of Kgp and HRgpA and 0.02 nmol of RgpB; gingipains contained FKck and FFRck as inhibitors) in a total volume of 50 l. Hemoglobin-agarose contained 6.1 to 12.3 nmol of hemoglobin per sample (0.02 to 0.05 mol of heme in a hemoglobin sample), and heme-agarose contained 0.08 to 0.16 mol of heme per sample. After centrifugation, the supernatant fluids were collected and the conjugated agarose beads were washed three times with PBS or PBS containing 0.1% OG. All samples were then boiled in Laemmli sample buffer and after centrifugation were subjected to SDS-PAGE. Gels were either stained with CBB or transferred onto nitrocellulose membranes. Recombinant HmuR was detected on blots with an anti-V5-HRP antibody (Invitrogen), and the other proteins were detected with the appropriate antibodies. Chemiluminescence detection was performed as previously described (50) .
Binding of gingipains to hemoglobin and various porphyrins and metalloporphyrins. Binding of Kgp, HRgpA, and RgpB to hemoglobin, hemin, porphyrins, and metalloporphyrins was studied using an ELISA. Polystyrene plates (Dynex, Chantilly, Va.) were coated overnight at 4°C with 100 l of 5 M hemoglobin or 
RESULTS
Recombinant HmuR-hemin spectra and saturation of hemin binding to membrane-associated rHmuR-6His. In a previous study we demonstrated that recombinant HmuR containing its native signal peptide sequence and the V5-six-His tag (rHmuR-6His) was exported and associated with the outer membrane of E. coli cells (50) . We also demonstrated that E. coli cells expressing membrane-bound rHmuR-6His bound hemoglobin and hemin (50) . However, the binding specificity of rHmuR-6His for these ligands has not been examined in detail.
We examined the localization of the recombinant HmuR lacking the V5-six-His tag (rHmuR) and compared its expression and localization with those of rHmuR-6His. As shown in Fig. 1A and B the association of rHmuR and that of rHmuR6His with the outer membranes of E. coli cells and expression levels of both proteins were comparable. We also determined that the addition of the His tag did not significantly affect the ability of E. coli cells expressing recombinant HmuR to bind hemin (Fig. 1C) . As expected, only E. coli cells expressing membrane-associated rHmuR-6His (containing the His tag) or rHmuR (lacking the His tag) were found to bind hemin. In contrast, E. coli cells in which rHmuR-6His and rHmuR both lacked the signal sequences and after expression were deposited in inclusion bodies bound small amounts of hemin (Fig.  1C) . These results indicate that E. coli cells expressing either rHmuR-6His or rHmuR can bind hemin and that the His tag did not significantly affect this binding.
The ability of rHmuR-6His purified from inclusion bodies to bind heme was examined by incubating the soluble protein with hemin and measuring the absorbance of hemin at 200 to 800 nm. Following the addition of rHmuR-6His (5 M) to a freshly prepared hemin solution (20 M) the absorption spectrum of heme in the Soret region changed from the spectrum of free heme (380 nm) to the typical spectrum of a hemeprotein complex (408 nm) (Fig. 2) . Spectral changes of rHmuR6His with hemin were essentially complete after a 15-min incubation. This shift in the wavelength of the absorbance reflects a modification of the heme absorption spectrum caused by the binding of hemin to rHmuR-6His. We also found that rHmuR-6His purified from inclusion bodies but nonrenatured and dissolved in 8 M urea did not bind hemin (Fig. 2) .
The saturation of hemin binding by membrane-associated rHmuR-6His expressed in E. coli cells was further examined by a spectrophotometric assay. Binding of hemin to whole E. coli cells was expressed as a decrease in the absorbance of the supernatant samples at 400 nm compared to that of samples containing only hemin (Fig. 3A) . Scatchard analysis of hemin binding to rHmuR-6His yielded a linear plot with a binding affinity (K d ) of 2.4 ϫ 10 Ϫ5 M (Fig. 3B ). E. coli cells containing the vector alone bound hemin nonspecifically with very low efficiency. This binding did not show saturation, and the transformed data clustered around the origin (data not shown). These results demonstrate that E. coli cells with recombinantly expressed HmuR can bind hemin.
Binding of rHmuR-6His to hemin and hemoglobin immobilized on agarose. The binding of recombinant HmuR to hemoglobin and hemin was also assessed using hemoglobin and Hemin binding to E. coli cells expressing rHmuR. E coli cells were resuspended in PBS, adjusted to an OD 600 of 1.0, and incubated for 1 h at RT with 10 M hemin. Binding was determined by the decrease in the absorbance of the supernatant at 400 nm and was recorded as the percentage of the input hemin. Three independent experiments were performed in duplicate. Data are means Ϯ SD. Asterisk, P Ͻ 0.001 for E. coli expressing membrane-associated rHmuR-6His (black bar) versus E. coli harboring the vector alone (grey bar); double asterisks, P Ͻ 0.05 for E. coli expressing membrane-associated rHmuR (open bar) versus E. coli harboring the vector alone. E. coli expressing rHmuR-6His (striped bar) and rHmuR (dotted bar) lacking the signal sequence, both of which were deposited in inclusion bodies, is also shown.
heme immobilized on agarose beads. The amounts of hemoglobin and heme bound to agarose exceeded the amounts of rHmuR-6His. We found that rHmuR-6His bound to hemeagarose (Fig. 4) . When rHmuR-6His was incubated with hemoglobin-agarose, a larger amount of nonbound recombinant protein was present in the flowthrough fraction than in the heme-agarose flowthrough fraction (Fig. 4) . These results confirmed that rHmuR-6His purified from inclusion bodies can bind to hemoglobin and hemin and suggested that binding to hemin can be more efficient than binding to hemoglobin. Similar results were obtained using membrane-associated rHmuR-6His. E. coli cells expressing rHmuR-6His bound lower levels of hemoglobin than of hemin (see Fig. 6 ).
E. coli cells expressing membrane-associated rHmuR-6His bind porphyrins and metalloporphyrins. We used a spectrophotometric assay to assess the ability of whole E. coli cells expressing membrane-associated rHmuR-6His to bind hemoglobin, porphyrins, and metalloporphyrins. We compared the binding of hemin with the corresponding zinc and copper metalloporphyrins (ZnPPIX and CuPPIX), as well as PPIX itself (Fig. 5) . The same series of metals were evaluated for MPIX, in which the vinyl groups on the heme periphery at the 2 and 4 positions are replaced by ethyl groups (Fig. 5) . To determine if alterations at the 2 and 4 positions of the heme substantially affect binding, we utilized DPIX and HPIX, which have H-and CHOHCH 3 , respectively, at the 2 and 4 positions (Fig. 5) . E. coli cells expressing recombinant HmuR containing the His tag were used for these studies; in initial studies we found that the addition of the His tag did not significantly affect the ability of recombinant HmuR to bind hemin (Fig. 1C) metalloporphyrins (data not shown). The binding of all compounds was determined by the decrease in the absorbance of the supernatant compared to those for control samples, which were set as 100% (Fig. 6) . Some of the porphyrins and metalloporphyrins showed substantial nonspecific binding to the control E. coli cells harboring the vector alone (Fig. 6 ). To account for this, the data were replotted for each compound in Fig. 6 as the difference between the two data sets. The discussion below refers to this difference for each compound. The porphyrins themselves bound to E. coli expressing membrane-associated rHmuR-6His in the following order of affinity: MPIX Ͼ PPIX Ͼ DPIX Ϸ HPIX. In the metalloprotoporphyrin series, E. coli expressing rHmuR-6His bound hemin, CuPPIX, and ZnPPIX with almost equal affinities, which were approximately four times higher than that for PPIX itself. The same series of metalloporphyrins with the MPIX skeleton was studied. In the MPIX series, there was substantial nonspecific binding; when this background was subtracted, all of the derivatives bound with the same affinity within experimental error.
We also examined FeTPPS 4 , as it was previously reported to support the growth of Vibrio vulnificus as a single iron source (34) . E. coli cells expressing rHmuR-6His bound FeTPPS 4 with very low efficiency; this binding was comparable to the nonspecific binding observed in control cells containing the vector alone (Fig. 6) . Thus, the tetraphenylporphyrin structure makes this compound less accessible for HmuR than the other metalloporphyrins based on the natural porphyrin skeleton (Fig. 5 ).
These results demonstrate that E. coli cells expressing membrane-associated rHmuR-6His bind iron, copper, and zinc derivatives of PPIX more tightly than PPIX. This presumably suggests that the active site of HmuR has a histidine, which binds to the metal present in the porphyrin ring.
Binding of rHmuR-6His to serum proteins. Serum hemoglobin released from erythrocytes is tightly bound to haptoglobin, and heme is bound to hemopexin or albumin (20) . Hemoglobin bound to haptoglobin and hemin complexed to hemopexin can be used as iron sources by P. gingivalis, indicating that this microorganism has a mechanism for removing the hemin from these host iron-binding proteins (29, 53) . To determine if recombinant HmuR could bind haptoglobin, hemopexin, or albumin, we examined the ability of rHmuR6His purified from inclusion bodies to bind these proteins by ELISA. As a negative control, we utilized iron-saturated transferrin. We did not detect binding of rHmuR-6His to serum apo-haptoglobin, albumin, apo-hemopexin, or transferrin saturated with iron (Fig. 7) . As expected, binding of rHmuR-6His to hemoglobin was observed in this assay. Recombinant HmuR was also demonstrated to bind complexes of haptoglobin with hemoglobin, hemopexin with hemin, and albumin with hemin; however, the affinities were lower than that of hemoglobin.
Binding of gingipains to hemoglobin, porphyrins, and metalloporphyrins. We next examined the ability of gingipains to bind hemoglobin, porphyrins, and metalloporphyrins using ELISA, as described above for rHmuR-6His. We found that both Kgp and HRgpA bound to the porphyrins and metalloporphyrins tested with affinities similar to those for hemin (Fig.  8) . The ability of these gingipains to bind metalloporphyrins and porphyrins similarly confirms that the binding of Kgp and HRgpA to these porphyrins does not require a metal present within the porphyrin ring. Interestingly, we observed greater binding of Kgp and HRgpA to hemoglobin than to the tested porphyrins and metalloporphyrins (Fig. 8) . These observations suggest that substantial portions of the recognition sites of Kgp and HRgpA for hemoglobin are due to protein-protein interactions. In general, Kgp bound hemoglobin and the porphyrins and metalloporphyrins more efficiently than HRgpA. RgpB, which lacks the hemagglutinin domain, showed little or no binding to hemoglobin, hemin, and the porphyrins and metalloporphyrins (Fig. 8) .
Gingipain binding to heme-and hemoglobin-agarose. To further examine the binding efficiency of the gingipains to hemoglobin and hemin, we utilized heme-and hemoglobinagarose as described above for rHmuR-6His. We observed that Kgp and HRgpA bound to hemoglobin and heme immobilized on agarose (data not shown), confirming the results obtained by ELISA (Fig. 8) . RgpB demonstrated little ability to bind hemoglobin or heme, since the majority of the protein incubated with heme-or hemoglobin-agarose was present in flowthrough fractions (data not shown). These results further confirm that hemoglobin and heme binding to Kgp and HRgpA is mediated via the hemagglutinin domains of these proteins. The low binding of RgpB to hemoglobin and heme is most likely caused by the nonspecific tendency of heme to bind to most molecules and surfaces.
Interactions of gingipains with recombinant HmuR. In addition to binding hemoglobin, Kgp can degrade hemoglobin, as well as hemopexin, haptoglobin, and transferrin (6, 29, 53) . Based on these results and the results presented here, we reasoned that in a soluble form Kgp could function as a hemescavenging and hemoglobinase protein. The concept that Kgp could function in a multifactor manner in heme transport in P. gingivalis is supported by studies of the recently described E. coli hemoglobinase, Hbp (39) . In addition to binding hemoglobin, Hbp can degrade hemoglobin and subsequently binds the released hemin. In a similar fashion, we postulate that Kgp could bind and degrade hemoglobin, and the released hemin could then be delivered to outer membrane receptor HmuR. This would require a direct interaction of Kgp with outer membrane receptor HmuR. To examine the possible association between Kgp or HRgpA and HmuR, we examined this interaction by an ELISA. The purity of rHmuR-6His preparation is shown in Fig. 4 . Our analysis indicated that the gingipain preparations were pure and showed the same banding pattern after SDS-PAGE and CBB staining (Fig. 9A) as previously described (42, 44) . This was also confirmed after transfer onto nitrocellulose membranes by probing with the appropriate antibodies raised to each gingipain (data not shown). As shown in Fig. 9B , rHmuR-6His was found to bind to Kgp. We also observed binding of rHmuR-6His to HRgpA at higher concentrations than those at which binding to Kgp was observed. We did not detect binding of rHmuR-6His to RgpB (Fig. 9B) . We also found that gingipain domains cleaved by boiling in the presence of SDS and then separated by SDS-PAGE and transferred onto nitrocellulose membrane failed to bind rHmuR6His (data not shown). This suggests that the interaction between Kgp or HRgpA and HmuR requires the intact gingipain molecule but not denatured and separated gingipain domains.
DISCUSSION
In this study we assessed the binding specificities of the P. gingivalis outer membrane hemoglobin/heme receptor, HmuR, and cysteine proteases Kgp, HRgpA, and RgpB for hemoglobin, hemin, serum proteins, various porphyrins, and metalloporphyrins. While rHmuR-6His purified from inclusion bodies bound to hemin and hemoglobin and also, with lower affinity, to complexes of haptoglobin-hemoglobin, hemopexinhemin, and albumin-hemin, we did not detect the binding of recombinant HmuR to apo-haptoglobin, albumin, apo-hemopexin, or transferrin saturated with iron. We also found that E. coli cells expressing rHmuR-6His bound not only hemin but also CuPPIX and ZnPPIX with similar affinities. These were bound approximately four times more tightly than PPIX itself. All three metals that we examined in this study (iron, copper, and zinc) can bind to the histidine within the active site in heme-proteins (1, 47, 55) . The observation that these metalloprotoporphyrins bind to HmuR somewhat better than PPIX itself is consistent with a histidine in HmuR serving as the axial ligand, which binds to the metal ion present in the porphyrin ring. For the porphyrins themselves, we found that the order of affinity for HmuR-6His binding was as follows: MPIX Ͼ PPIX Ͼ DPIX ϳ HPIX. This indicated that HmuR has a preference for ethyl or vinyl side chains of heme. In total, our results suggest that the HmuR binding site for heme has an axial histidine and accommodates a porphyrin structure with a periphery approximating that of the natural substrate hemin at the 2 and 4 positions. It should also be noted that differentialreconstitution experiments are subject to the issues that the porphyrins and metalloporphyrins may bind to other components in the mixture (20) , that proteins and lipids interacting with one another may change the constant for binding to any individual component (8, 32) , and that porphyrins and metalloporphyrins can aggregate in aqueous solution (7, 9, 27) .
We demonstrated that soluble Kgp and HRgpA bound to the various porphyrins and metalloporphyrins with similar affinities. This indicates that any interaction between Kgp and HRgpA and the metal of the metalloporphyrin does not contribute significantly to recognition of the metalloporphyrin. Kgp and HRgpA bound hemoglobin more than 1 order of magnitude more tightly on a per-heme basis than any of the porphyrins and metalloporphyrins investigated. This is in agreement with a study by DeCarlo et al. (14) , which reported that a recombinant polypeptide of the Kgp complex binds hemoglobin more efficiently than hemin. In that report the binding of the 19-kDa protein was inhibited by PPIX, indicating that hemin forms part of the recognition site for Kgp and hemoglobin. The results obtained in our study suggest that the recognition by Kgp and HRgpA of hemoglobin is mediated significantly via protein-protein interactions. Together these two studies point to roles for both heme-protein and proteinprotein interactions in Kgp hemoglobin binding. Based on studies of two-component protein-protein complexes, it appears that heme itself will form only a minor portion of the recognition site, probably less than 20% (20, 30) . The rest of the recognition could be due to the hemoglobin protein itself.
The dissociation constant of hemin binding to E. coli cells expressing recombinant HmuR is lower than K d s for hemin receptors in P. gingivalis described by Tompkins et al. (54) . According to this work P. gingivalis whole cells had both lowand high-affinity binding sites for hemin (K d ϭ 2.6 ϫ 10 Ϫ7 to 6.5 ϫ 10 Ϫ8 M and 3.6 ϫ 10 Ϫ11 to 9.6 ϫ 10 Ϫ11 M, respectively). Our K d for HmuR expressed in E. coli (2.4 ϫ 10 Ϫ5 M) is similar to that found for the S. marcescens TonB-dependent hemoglobin/heme receptor, HasR (K d ϭ 10 Ϫ4 to 10 Ϫ6 M) (21) . In this study we have shown that P. gingivalis outer membrane receptor HmuR interacts with soluble gingipains Kgp and HRgpA. This suggests that Kgp and HRgpA might function as heme-scavenging proteins, cooperating with HmuR in hemoglobin and heme utilization in P. gingivalis. By analogy with the HasR-HasA system from S. marcescens, it is possible that HmuR requires a hemophore-like protein (Kgp or HRgpA) to increase hemoglobin and/or hemin binding to HmuR. Ghigo et al. (21) have shown that HasR alone is sufficient for hemoglobin and heme utilization but that E. coli more efficiently utilizes heme from hemoglobin via HasR-HasA cooperation (K d Ͻ 10 Ϫ8 M). The HmuR system in P. gingivalis may function in an analogous manner with Kgp and HRgpA.
Okamoto et al. (38) previously reported that P. gingivalis kgp mutants are nonpigmented and are decreased in their ability to bind hemoglobin. The phenotype of the kgp mutants described by these investigators is similar to the phenotype of P. gingivalis kgp mutants, which we previously constructed and characterized (18; W. Simpson and C. A. Genco, unpublished data). These P. gingivalis mutant cells bind reduced levels of hemoglobin and hemin and exhibit a delayed growth with hemoglobin compared to the parental strain. We conclude from these results that Kgp may not be absolutely required for hemoglobin utilization in P. gingivalis but may make the process of hemoglobin utilization more efficient. We have previously reported that a P. gingivalis hmuR mutant does not grow with hemoglobin or hemin as the sole iron source, indicating that HmuR is required for hemoglobin utilization in P. gingivalis (50) . We also observed that, following prolonged growth on blood agar plates, a P. gingivalis hmuR mutant is characterized by higher pigmentation capacity than wild-type P. gingivalis and nonpigmented kgp mutants (50; Simpson and Genco, unpublished data). This may be due to excessive heme storage, possibly through Kgp, and an inability to internalize heme due to the absence of HmuR. Furthermore, we found that a P. gingivalis hmuR kgp mutant is nonpigmented (Simpson and Genco, unpublished data), suggesting that this mutant cannot store and/or use heme due to the absence of HmuR and Kgp.
Overall our results indicate that outer membrane receptor HmuR exhibits higher specificity for heme than either Kgp or HRgpA. This finding would be expected if indeed soluble Kgp and HRgpA function more as heme scavenger proteins than as outer membrane receptors, which transport heme into the cell. It is noteworthy that the amino acid sequences of Kgp and HRgpA exhibit no similarity to those of TonB-dependent outer membrane proteins, further suggesting that these pro-teins may function as extracellular heme-scavenging proteins rather than classical outer membrane receptors.
